We recently proposed a dynamic copy-choice model for retroviral recombination in which a steady state between the rates of polymerization and RNA degradation determines the frequency of reverse transcriptase (RT) template switching. The relative contributions of polymerase-dependent and polymerase-independent RNase H activities during reverse transcription and template switching in vivo have not been determined. We developed an in vivo trans-complementation assay in which direct repeat deletion through template switching reconstitutes a functional green fluorescent protein gene in a retroviral vector. Complementation in trans between murine leukemia virus Gag-Pol proteins lacking polymerase and RNase H activities restored viral replication. Because only polymerase-independent RNase H activity is present in this cell line, the relative roles of polymerase-dependent and -independent RNase H activities in template switching could be determined. We also analyzed double mutants possessing polymerase and RNase H mutations that increased and decreased template switching, respectively. The double mutants exhibited low template switching frequency, indicating that the RNase H mutations were dominant. Trans-complementation of the double mutants with polymerase-independent RNase H did not restore the high template switching frequency, indicating that polymerase-dependent RNase H activity was essential for the increased frequency of template switching. Additionally, trans-complementation of RNase H mutants in the presence and absence of hydroxyurea, which slows the rate of reverse transcription, showed that hydroxyurea increased template switching only when polymerase-dependent RNase H activity was present. This is, to our knowledge, the first demonstration of polymerase-dependent RNase H activity in vivo. These results provide strong evidence for a dynamic association between the rates of DNA polymerization and polymerase-dependent RNase H activity, which determines the frequency of in vivo template switching. R etroviral populations exhibit high levels of variation, allowing the virus to escape host immune systems (1-4) and acquire resistance to antiretroviral drugs. The rate of genetic variation depends on the mutation and recombination rates per replication cycle (5, 6). Frequent homologous recombination has been observed in many different retroviral species and occurs during reverse transcription between two copackaged RNAs (7-10). The reassortment of mutations generated by reverse transcriptases (RTs) through recombination results in greater genetic diversity of retroviral populations.
R etroviral populations exhibit high levels of variation, allowing the virus to escape host immune systems (1) (2) (3) (4) and acquire resistance to antiretroviral drugs. The rate of genetic variation depends on the mutation and recombination rates per replication cycle (5, 6) . Frequent homologous recombination has been observed in many different retroviral species and occurs during reverse transcription between two copackaged RNAs (7) (8) (9) (10) . The reassortment of mutations generated by reverse transcriptases (RTs) through recombination results in greater genetic diversity of retroviral populations.
It has been proposed that RT is evolutionarily selected for low template affinity and processivity, because RT must undergo two template-switching events to complete synthesis of viral DNA; consequently, other internal template-switching events can occur during reverse transcription (11) . Because retroviral genomes consist of two copackaged RNAs, template-switching events can be inter-or intramolecular. Both types of template-switching events can result in deletions, deletions with insertions, insertions, and duplications (5, 12, 13) , whereas intermolecular template-switching events can result in homologous or nonhomologous recombination (14) (15) (16) (17) .
Directly repeated sequences in retroviral vectors are often deleted during reverse transcription, which provides a powerful in vivo system for studying RT template switching (12, (18) (19) (20) (21) (22) (23) . Studies of direct repeat deletion rates in both spleen necrosis virus and murine leukemia virus (MLV) systems have shown that the size of the direct repeat, distance between direct repeats, and secondary structures in the template influence the rate of template switching (18) (19) (20) (21) .
The polymerase and RNase H activities of MLV RT have previously been shown to be genetically distinct (24) . Most polymerase mutations retain normal levels of RNase H activity, and several RNase H mutations retain their polymerase activity (24) (25) (26) (27) . Two different modes of RNase H activity have been identified from in vitro studies and have been implicated in the degradation of viral RNA during replication (28, 29) . The polymerasedependent RNase H activity occurs on the same RT that is polymerizing DNA (28) (29) (30) (31) (32) (33) (34) (35) . The DNA polymerization rate is 7-10 times faster than the polymerase-dependent RNase H rate (36) , and polymerase-independent RNase H activity degrades RNA into fragments that remain associated with the nascent DNA (28, 33, (37) (38) (39) (40) (41) (42) .
We recently proposed a dynamic copy-choice model for RT template switching in vivo ( Fig. 1) (18) . The model proposes that base pairing between newly synthesized DNA sequences behind the RT with complementary sequences of the template increases the probability of RT template switching. A proposed steady state between the rate of DNA polymerization and the rate of RNA degradation behind the RT determines the amount of nascent DNA that is able to base pair with the acceptor template. We previously observed that mutations in the RNase H domain reduce the frequency of template switching (18) . The reduction in template switching may have been caused by a reduction in the rate of RNA degradation because of the mutations, resulting in the impairment of base pairing between the nascent DNA and the acceptor template. These results clearly showed that RNase H plays a vital role in template switching in vivo. However, it is not known whether the polymerase-dependent and͞or -independent RNase H activities are involved in template switching. In this study, we have used an in vivo trans-complementation assay to show that a steady state exists between the rate of DNA polymerization and polymerase-dependent RNase H activity, which determines the frequency of RT template switching. We also provide the first evidence, to our knowledge, for polymerase-dependent RNase H activity in vivo.
Materials and Methods
Plasmids. pRMBNB contains the MLV gag and pol genes (43) . pSV-hygro contains the hygromycin phosphotransferase B gene (hygro) expressed from the simian virus (SV) 40 promoter (44) . pSV-A-MLV-env contains the amphotropic MLV envelope gene and was obtained from the AIDS Research and Reference Reagents Program (45) . pES-GFFP, an MLV-based retroviral vector, contains two directly repeated fragments of green fluorescent protein (GFP) (GIBCO͞BRL) (18) .
Construction of RT Mutants. The dNTP-binding site, YXDD motif, and RNase H mutants of MLV RT were derived from pRMBNB by using standard cloning procedures (46) and were previously described (43) . Construction of double mutants is available on request.
Cells, Transfections, and Infections. Transfection, infection, and drug selection of D17 and D17-based cells (dog osteosarcoma cell lines) were performed as previously described (18) . A3-4 is a D17-based cell line that contains pES-GFFP and amphotropic MLV envelope expressed from pSV-A-MLV-env. The cell line was constructed as previously described (18) .
Determining RT Template Switching in Vivo. The protocol for determining RT template switching in vivo and treatment with hydroxyurea (HU) was described previously (18) . At least three independent experiments were performed, and a minimum of 1,000 colonies were analyzed for each mutant.
GFP Detection by Flow Cytometry. Cells expressing GFP were quantified by flow cytometry (FACScan, Becton Dickinson), and the results were analyzed by using CELLQUEST software (Becton Dickinson). Briefly, drug-resistant cell colonies were pooled and plated on 100-mm tissue culture dishes; after 24 h, the cells were harvested and resuspended in 1 ml of PBS supplemented with 1% bovine calf serum before flow cytometry.
Results
Trans-Complementation of Polymerase and RNase H Mutants. An in vivo trans-complementation assay was developed to determine the role of polymerase-dependent and -independent RNase H activity in RT template switching. An MLV-based retroviral vector, pES-GFFP, containing overlapping fragments of GFP designated GF and FP, was constructed ( Fig. 2A) (18) . pES-GFFP contains an internal ribosomal entry site from encephalomyocarditis virus (47) that drives the expression of the neomycin-resistance gene (neo). When pES-GFFP undergoes reverse transcription, one copy of the directly repeated F portion (250 bp) is deleted at a high frequency, which results in reconstitution of the functional GFP gene.
We constructed the D150E A3-4 cell line (Fig. 2B) by first infecting the ES-GFFP vector into a D17 cell line expressing the amphotropic MLV envelope (named A3-4) (18) . The MLV mutant D150E, which expresses a polymerase-defective Gag-Pol, was transfected into the A3-4 cell line, and several cell clones were selected. The D150 residue is located in the dNTP-binding site and forms a part of the catalytic triad of the polymerase domain (48) . This mutant was shown to display a Ͼ10,000-fold reduction in viral titer and possesses low RT activity in vitro (43) . Clone C4 D150E A3-4 was used for all subsequent trans-complementation experiments.
For trans-complementation assays (Fig. 2B) , the C4 D150E A3-4 cell line was cotransfected with pRMBNB, which expresses wild-type MLV Gag-Pol, or mutants derived from pRMBNB, and pSV-hygro, which confers resistance to hygromycin. After selection with hygromycin, virus was harvested and used to infect D17 target cells. After selection with G418, colonies were pooled and analyzed by flow cytometry to determine the frequency of direct repeat deletion.
The ratio of the D150E mutant Gag-Pol and the transfected wild-type or mutant Gag-Pol present in the virion produced from the C4 D150E A3-4 cell line is unknown. Because the D150E mutant is stably expressed in the cell line, and a pool of transfected cell clones express the other Gag-Pol mutants, we expect a similar level of expression of the D150E mutant in all cells, and a binomial distribution of expression of the other Gag-Pol mutants, depending on the number of copies present in each cell clone and the efficiency of expression. In most experiments, both Gag-Pol mutants must be present in the virion in sufficient quantities to complement each other and complete viral replication.
Transfection of wild-type MLV gag-pol into C4 D150E A3-4 cells resulted in the production of ES-GFFP virus. Infection of D17 target cells with the virus resulted in average viral titers of 4,500 colony-forming units (cfu)͞ml. Flow cytometric analysis revealed that 12% of the infected cells expressed GFP, indicating the proportion of the viruses that underwent a template switch that reconstituted the GFP gene (Fig. 3) . When the A3-4 cell line was transfected with the D150E polymerase mutant and the D524N RNase H mutant individually, no viral titers were observed. However, when the D524N RNase H mutant was transfected into C4 D150E A3-4 cells expressing the polymerase mutant, the viral titer was rescued to near wild-type levels, and the frequency of template switching was 9%. This result indicated that the polymerase and RNase H mutants can be complemented in trans as previously demonstrated (49) and that polymerase-dependent RNase H activity is not necessary for completion of reverse transcription.
The observation that trans-complementation of the D150E polymerase mutant and the D524N RNase H mutant resulted in a template-switching rate that was 75% of the wild-type frequency suggested three possible interpretations. First, polymeraseindependent RNase H activity might play a significant role in template switching in the absence of polymerase-dependent RNase H activity. Second, during trans-complementation, a large proportion of the template-switching events could have occurred during plus-strand DNA synthesis and did not involve RNase H activity. This interpretation is consistent with the previous observation that the rates of RT template switching during minus-and plus-strand DNA synthesis are similar (50) . Third, the D150E polymerase mutant might have interfered with the processivity of the RT expressed from the D524N RNase H mutant, perhaps by binding to the template or the growing point. The D150E polymerase mutant's effect on the processivity of DNA synthesis could potentially increase RT template switching and compensate for any reduction in template switching by the D524N RNase H mutant.
To determine whether the D150E polymerase mutant interfered with reverse transcription, we constructed a D150E ϩ D524N double mutant lacking both polymerase and RNase H activities, transfected it into the A3-4 cell line, and selected a stably expressing cell clone. As expected, the D150E ϩ D524N A3-4 cell line did not produce a detectable titer (Ͼ10,000-fold lower than wild type). When the D150E ϩ D524N double mutant was coexpressed with wild-type RT, a wild-type viral titer was observed, and the frequency of template switching was not significantly different from wild type (11% vs. 12%, P ϭ 0.3; all statistical analyses were performed by using the two-sample t test). Thus, coexpression of the D150E ϩ D524N double mutant did not increase template switching, suggesting that the D150E mutation does not interfere with the processivity of wild-type RT. However, because the D150E ϩ D524N double mutant is not required for viral replication of the wild type, we cannot rule out other reasons for the lack of interference, such as failure to coassemble with wild-type Gag-Pol.
At first glance, the result that trans-complementation of D150E and D524N mutants exhibited 75% of the wild-type template switching frequency suggested that polymerase-independent RNase H activity can account for the majority of RT template switching, and the RT template switching can occur in the absence of polymerase-dependent RNase H activity. However, two additional lines of experimentation described below provide strong evidence that polymerase-dependent RNase H activity is primarily responsible for the majority of RT template switching.
Analysis of Polymerase and Polymerase ؉ RNase H Double Mutants.
We previously observed that several polymerase mutants increased the rate of template switching, whereas RNase H mutants reduced template switching (18) . To determine which activity, DNA polymerization or RNA degradation, plays a more significant role in RT template switching, we constructed RTs containing mutations in both the polymerase and RNase H domains. Two polymerase mutants, V223I and F156W, were selected for construction of the double mutants (viral titers 200 cfu͞ml and 2,700 cfu͞ml, respectively). In agreement with previous results (18), the templateswitching frequencies of V223I and F156W were Ϸ2.5-(31%) and 6-fold (73%) higher than the wild-type RT, respectively (Fig. 4,  hatch bars) . The RNase H mutant Y598V (viral titer 1,000 cfu͞ml) was also selected for the construction of the double mutants. The template-switching frequency of Y598V was 6.4%, approximately half that of the wild-type RT (Fig. 4, horizontal stripe bar) .
Two double mutants, V223I ϩ Y598V and F156W ϩ Y598V, were constructed (viral titers 10 and 40 cfu͞ml, respectively). The frequencies of template switching were determined to be 5 and 9%, respectively (Fig. 4, cross bars) . Thus, the Y598V mutation in the RNase H domain drastically reduced the frequency of template switching by the V223I mutant almost 6-fold and the F156W mutant nearly 8-fold. The results indicated that the RNase H mutation is dominant over the polymerase mutation and that RNase H activity is essential for the increased frequencies of RT template switching observed with the V223I and F156W mutants.
To determine whether the high frequency of template switching achieved by the V223I and F156W mutants required polymerasedependent or -independent RNase H activity, the V223I ϩ Y598V and F156W ϩ Y598V double mutants were trans-complemented with the D150E polymerase mutant (viral titers 2,400 and 360 cfu͞ml, respectively). If the Y598V mutation eliminates the polymerase-independent RNase H activity, then providing the polymerase-independent RNase H activity in trans should rescue this defect, and the double mutants should exhibit a high frequency of template switching, similar to the levels observed with the V223I and F156W polymerase mutants. However, if polymerasedependent RNase H activity was primarily responsible for the high frequency of template switching achieved by V223I and F156W, then providing polymerase-independent RNase H activity in trans should not significantly increase the template-switching frequency of the double mutants.
Both V223I ϩ Y598V and F156W ϩ Y598V double mutants were analyzed, and the rate of RT template switching after transcomplementation was determined to be 8 and 17%, respectively (Fig. 4, black bars) . These template-switching frequencies were 1.5-and 1.8-fold higher than the frequencies of the double mutants without trans-complementation; therefore, providing polymeraseindependent RNase H activity in trans resulted in modest stimulation of the template-switching frequency (P Ͻ 0.05). However, the template-switching frequencies after trans-complementation were still 3.9-and 4.4-fold lower than the frequencies of the V223I and F156W polymerase mutants, respectively. Therefore, providing polymerase-independent RNase H activity in trans was not able to rescue template switching to the levels observed with the polymerase mutants alone, which provides strong evidence that polymerasedependent RNase H activity is crucial for the majority of RT template switching by the polymerase mutants.
Effect of HU on Template Switching. To further determine the role of polymerase-dependent RNase H activity in template switching, and to test the idea that a steady state exists between the rate of DNA polymerization and polymerase-dependent RNase H activity, we performed in vivo trans-complementation assays in the presence of HU (Fig. 5) . HU has been shown to deplete all four cellular nucleotide pools (51) , significantly reduce the rate of polymerization by RT during viral replication (19) , and increase the frequency of template switching of wild-type RT and polymerase mutants, but not RNase H mutants (18, 19) .
If there is a dynamic association between the rates of DNA polymerization and polymerase-dependent RNase H activity, and if this association determines the frequency of RT template switching, then infection of target cells in the presence of HU should increase the frequency of template switching for RTs that possess polymerase-dependent RNase H activity. However, in the absence of polymerase-dependent RNase H activity, as in the case of the D150E mutant complemented with the D524N mutant, HU treatment should not influence the frequency of RT template switching.
The wild-type virus titers were on average 4,500 cfu͞ml, and HU treatment of the target cells resulted in Ϸ19-to 30-fold reduction in viral titers. HU treatment increased template switching of wild-type RT from 12 to 31% (P Ͻ 0.05) (Fig. 5) . In addition, HU treatment increased template switching of virus containing wildtype and D150E polymerase mutant RTs from 15 to 34% (P Ͻ 0.05). However, when the D150E polymerase mutant was complemented in trans with the D524N RNase H mutant, HU treatment did not increase template switching (9 vs. 10%, P ϭ 0.42). This result indicated that slowing down polymerization with HU treatment increased the template-switching frequency only when polymerasedependent RNase H activity was present.
Analysis of the polymerase and RNase H double mutants (Fig.  4) and the experiments in which HU was used to slow down the rate of DNA polymerization (Fig. 5 ) provided strong evidence that there is a dynamic association between the rate of DNA polymerization and polymerase-dependent RNase H activity in vivo, which determines the frequency of RT template switching. However, we also observed that RT template switching could occur in the absence of polymerase-dependent RNase H activity at a rate that was 75% of wild type (Fig. 3) . To further delineate the role of polymeraseindependent RNase H activity, we performed the transcomplementation experiment with RNase H mutants.
Effect of Trans-Complementation of Wild-Type RT and RNase H Mu-
tants on Template Switching. To determine whether the polymeraseindependent RNase H activity contributed to RT template switching, we expressed the wild-type RT and the D150E polymerase mutant in the same virus producer cell line. The virus produced from these cells contained a mixture of the wild-type Gag-Pol and the D150E mutant, which could provide polymerase-independent RNase H activity in trans. These viruses contain both polymerasedependent and -independent RNase H activities. However, all RTs in the virion have polymerase-independent activity, but only the RTs expressed from wild-type gag-pol have polymerase-dependent RNase H activity. Thus, in comparison to the wild type, the ratio of polymerase-independent and -dependent RNase H activities should be higher.
We observed that the RT template-switching frequency increased from 12 to 15% (P Ͻ 0.05) (Fig. 6) , suggesting that the presence of additional polymerase-independent activity resulted in a slight (1.25-fold) increase in the frequency of RT template switching. Next, the RNase H mutants R657S, S526A, and Y598V were complemented in trans by the D150E mutant. These mutants were able to undergo viral replication and previously displayed a reduced frequency of RT template switching that was 50% of the wild-type frequency (18) . Trans-complementation increased the RT template switching of R657S from 6 to 11% (P Ͻ 0.05), S526A from 6 to 9% (P Ͻ 0.05), and Y598V from 6 to 10% (P Ͻ 0.05), indicating that the additional polymerase-independent RNase H activity increased RT template switching by 1.4-to 1.8-fold. These results suggest that polymerase-independent RNase H activity could contribute to RT template switching. However, polymeraseindependent RNase H activity was quantitatively less important than the dynamic association between DNA polymerase and polymerase-dependent RNase H activity, because the increased RT template-switching frequencies did not go above the wild-type RT level of 15% and were significantly less in comparison to the effects of polymerase mutants and HU treatment (2.3-to 6-fold). 
Discussion
Model for in Vivo RT Template Switching. We propose a revised dynamic copy-choice model for retroviral recombination (Fig. 7) . Wild-type RT copies the RNA template as polymerase-dependent RNase H activity cleaves the RNA͞DNA hybrid (Fig. 7A) . The polymerase-dependent RNase H cleavages leave fragments of viral RNA associated with nascent DNA. Polymerase-independent RNase H activity then cleaves the remaining fragments of RNA further, removing the RNA from the nascent DNA so that it is available for base-pairing with the acceptor RNA template. Interactions of the nascent DNA with the acceptor RNA lead to the template-switching frequency observed with the wild-type RT.
In the presence of HU, the cellular dNTP pools are depleted, which slows down DNA polymerization; the reduction in the rate of DNA synthesis with HU treatment (or other mechanisms such as RNA secondary structure or mutations in the polymerase domain) leads to more efficient RNA cleavage by polymerasedependent RNase H activity (Fig. 7B) . The polymeraseindependent RNase H activity further degrades the template RNA. It is possible that the additional cleavages by the polymerasedependent RNase H activity provide more 5Ј RNA ends for RT to bind, leading to more efficient RNA degradation by polymeraseindependent RNase H activity, as indicated by previous studies (52) . Therefore, increased polymerase-dependent RNase H activity directly leads to more efficient degradation of the RNA, increasing the probability of base pairing between nascent DNA and acceptor RNA and a higher frequency of RT template switching.
During trans-complementation of the D524N and D150E mutants, polymerase-dependent cleavages of the RNA template are drastically reduced or eliminated (Fig. 7C) . Although polymeraseindependent RNase H activity presumably degrades the RNA template eventually, it is kinetically a much slower event, relative to the rate of DNA polymerization. If RT copies past the directly repeated region before the nascent DNA base pairs with the acceptor RNA, a template switch cannot take place. The results indicate that reducing the rate of DNA polymerization with HU did not provide sufficient time for polymerase-independent RNase H activity to effectively degrade the template RNA and increase template switching.
The frequency of template switching after trans-complementation of the D524N and D150E mutants was 9%, which was somewhat higher than the approximate 6% frequencies observed for the nonlethal RNase H mutants (P Ͻ 0.05). We hypothesize that the nonlethal RNase H mutants have lower levels of polymerasedependent as well as -independent RNase H activities. In contrast, during trans-complementation of the D524N RNase H mutant, the D150E polymerase mutant can provide wild-type levels of polymerase-independent RNase H activity. Thus, the presence of wild-type levels of polymerase-independent RNase H activity during trans-complementation can explain the slightly higher levels of template switching observed relative to the nonlethal RNase H mutants.
It was previously demonstrated in vitro that HIV-1 polymeraseindependent RNase H activity proceeds in a stepwise manner in which primary cuts occur first (18 nt from the 5Ј end of RNA), followed by additional cuts including internal cuts (41) . It was shown that the primary cuts require a 5Ј end of the RNA fragment that is recessed on a DNA template (39) . In the absence of polymerasedependent RNase H activity, only one 5Ј end of RNA would be present, and the number of primary cuts would be limited. Thus, in the absence of polymerase-dependent RNase H activity, the ratelimiting step in the degradation of RNA would be internal cuts made by the polymerase-independent RNase H activity to generate Fig. 6 . Trans-complementation of RNase H mutants. Wild-type and RNase H mutants were trans-complemented with D150E to determine the effects of providing polymerase-independent RNase H in trans. Error bars represent the SEM of at least three independent experiments. Circles containing an ''X'' represent RNase H mutants that are able to undergo viral replication. Symbols are the same as in Fig. 3 . new 5Ј ends, which would then be used to initiate additional cuts and further degrade the viral RNA.
As described previously, the dynamic copy-choice model is consistent with the forced-copy-choice model (53) and several previous observations indicating that RT pause sites and RNA secondary structures promote template switching (18) .
Dynamic Association Between DNA Polymerization and PolymeraseDependent RNase H activities. The results of these studies indicate that a steady state exists between the rate of DNA polymerization and polymerase-dependent RNase H activity in vivo, and this steady state is the primary determinant of the frequency of RT template switching. When polymerase-dependent RNase H activity was present, reducing the rate of DNA polymerization with polymerase mutations or with HU treatment significantly increased the frequency of template switching. Furthermore, in the absence of polymerase-dependent RNase H activity, slowing down the rate of DNA polymerization had little effect on the frequency of template switching. Previous in vitro studies have shown that the rate of DNA polymerization is 7-10 times faster than the rate of polymerasedependent RNase H cleavages by HIV-1 RT (36). Our results suggest that slowing down the rate of DNA polymerization leads to more frequent polymerase-dependent cleavages by RNase H, perhaps by allowing the RNase H enzyme more time to carry out the cleavage reaction. Whether the additional cleavages that occur by slowing down DNA polymerization are evenly distributed along the template is unknown.
The results also show that polymerase-independent RNase H activity can contribute to template switching, because transcomplementation of nonlethal RNase H mutants as well as polymerase ϩ RNase H double mutants resulted in slightly higher frequencies of template switching. In these experiments, the polymerase-independent RNase H activity was sufficient to rescue viral titers to wild-type levels, indicating that minus-and plus-strand transfers were carried out efficiently. Unlike the template-switching events during the elongation phase of reverse transcription, minusand plus-strand transfer events occur when RT reaches the end of a template. Therefore, these transfer events do not depend on the rate of DNA polymerization and could be efficiently catalyzed by the kinetically slower polymerase-independent RNase H activity.
Studies analyzing other factors that may be involved in RT template switching, such as the role of nucleocapsid protein and RNA secondary structure, are currently in progress. Understanding the mechanisms of retroviral recombination through RT template switching could provide new targets for antiviral drug therapy. Our studies suggest that RNase H inhibitors may reduce the rate of recombination in retroviral populations and decrease viral variation, which could suppress the generation of multidrug-resistant viruses.
